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ABSTRACT 

A meaningful s t r u c t u r e  a n a l y s i s  of crystal  su r faces  has  t o  

mcke use  of t h e  dynamical theory of LEED. For su r faces  with com- 

p l ex  LEED p a t t e r n s  t h i s  l e a d s  t o  extremely ex tens ive  and c o s t l y  

numerical c a l c u l a t i o n s .  

models t o  b e  examined numerically has  t o  be  minimized as much as 

poss ib le .  

Therefore tlie number of p o s s i b l e  s u r f a c e  
* .  

The procedures used i n  t h i s  s e l e c t i o n  process are d i s -  

cussed from t h e  po in t  of view of genera l  s c a t t e r i n g  theory. It is  

concluded t h a t  a three-dimensional approach i s  more appropr ia te  

than t h e  two-dimensional approaches used in t he  p a s t .  

p r e t a t i o n  i e t h o d s  are i l l u s t r a t e d  in t h e  case of t h e  annealed S i ( 1 l l )  

su r f ace  wi th  7x7 and m x m R(23.5") p a t t e r n .  

spectroscopy i's used as t h e  major a u x i l i a r y  t o o l  i n  s e l e c t i n g  sur 

The i n t e r -  

Auger e l e c t r o n  

. -  
f a c e  models compatible wi th  t h e  LEED pa t t e rns .  - .  
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I e INTRODUCTION 

7 During the p a s t  ten yea r s  numerous complex LEED p a t t e r n s  have been 

reported,  bo th  f o r  "clean" s u r f  aces and su r faces  covered w i t h  "adsorptionrr 

. l ayers .  Most of t h e s e  patterns--when i n t e r p r e t e d  a t  all--were a t t r i b u t e d  

t o  e s s e n t i a l l y  two-dimensional real supers t ruc tures .  The in te rpre ta t i 'on  

was based on t h e  assumption t h a t  t h e  d i f f r a c t i o n  process is  e s s e n t i a l l y  - two- 

dimensional due t o  t h e  low pene t r a t ion  d'epth of slow e l ec t rons  and t h a t  t h e  
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spo t  i n t e n s i t y  may be  analyzed i n  terms of the elementary theory of LEED, 

However i t  was  po in ted  out  some time ago [l] and is now widely accepted 

t h a t  t h e  d i f f r a c t i o n  of slow electrons--as f a r  as the  i n t e n s i t i e s  are con- 

cerned--must be  considered as a three-dimensional process i n  which t i e  wave 

f i e l d  e f f e c t i v e  i n  the d i f f r a c t i o n  process varies s t rong ly  normal t o  the  

. .  9 .  

sur face  (dynamicaf theory of LEED). 

examine the  i n t e r p r e t a t i o n  of complex LEED p a t t e r n s  from t h e  three-dimensional 

point  of view, and (2) t o  demonstrate that--in s p i t e  of t he  d i f f i c u l t i e s  i n  

. the i n t e r p r e t a t i o n  of these  pat terns--surface s t r u c t u r e s  can be determined . 

with a reasonable  degree of confidence,  i f  LEED is combined with o the r  tech- . 

niques,  e s p e c i a l l y  Auger e l e c t r o n  spectroscopy [ 2 ] ,  

It is  the  purpose of t h i s  paper (1) t o  

/ 

11. GENERAL CONSIDERATIONS 

The two-dimensional p i c t u r e  of t h e  d i f f r a c t i o n  process is based on 

the  assumption, that  the inc iden t  wave is a t tenuated  mainly by t r u e  absorpt ion,  

i.e. i n e l a s t i c  s c a t t e r i n g .  This absorpt ion is assumed to  be very s t rong ,  so 

t h a t  e s s e n t i a l l y  only . _  those atoms which are d i r e c t l y  exposed, tp the  inc iden t .  

wave con t r ibu te  t o  the (elastic) d i f f r a c t i o n  p a t t e r n  131. 

three-dimensdonal p i e f u r e  of t h e  d i f f r a c t i o n  process i s  based on t h e  assump- 

' tion t h a t  t h e  i n c i d e n t  wave--like a l l  d i f f r a c t e d  waves--is a t tenuated  mainly 

-- 

Conversely, t h e  . .  

by e l a s t i c  and quas i - e l a s t i c  s c a t t e r i n g .  Although the  inc iden t  wave may be  

considerably a t t enua ted  by s c a t t e r i n g  i n  the  f i r s t  atomic l a y e r ,  t h e  ampli- 

tude of the  (elastic) wave f i e l d  inc ident  on t h e  second and following l a y e r s  

still-is l a r g e  hecause absorp t ion  is assumed t o  be small .  Consequently many 

l aye r s  can c o n t r i b u t e  to t h e  d i f f r a c t i o n  process.  

least as reasonable  as t h e  previous one follows from ca lcu la t ions  (41 of 

That t h i s  p i c t u r e  i s  a t  
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t h e  absorption and (zero order )  s c a t t e r i n g  c o e f f i c i e n t s  K and K' respec- 
0 

t i v e l y ,  as i l l u s t r a t e d  i n  Fig. 1. K w a s  obtained by t r e a t i n g  t h e  c r y s t a l  

as a free e l e c t r o n  gas with Fermi-momentum k = 1.1 and with t h e  conduction 

band bottom 20' e V  below t h e  vacuum level i n  t h e  example shown. K is deter -  

mined by t h e  imaginary p a r t  E (k) of t h e  i n t e r a c t i o n  energy of t h e  inc iden t  

. .  . .  F. 

I 
e lec t ron  with t h e  e l e c t r o n  gas (see e.g. r e f .  5 ) :  

K'  = pQ ( p  = number of atoms p e r  u n i t  volume, Q = t o t a l  elastic atomic scat- 
0 

t e r i n g  cross-section) w a s  ca l cu la t ed  by so lv ing  t h e  Schroedinger equation 

f o r  a n ' i s o l a t e d  atom us ing  "trimmed" Thomas-Fermi-Dirac p o t e n t i a l s .  

 trimming^' w a s  done so as to s imula te  t h e  cut-off of t he  p o t e n t i a l  of one 

The 

atom by t h a t  of its neighbor i n  t h e  s o l i d .  

a t t enua t ion  by s c a t t e r i n g  is about t h r e e  t i m e s  as l a r g e  as by absorption i n  

t h e  energy range of i n t e r e s t ,  j u s t i f y i n g  t h e  three-dimensional p i c tu re .  It 

has t o  be kept  i n  mind, however, t h a t  i n  t h e  c a l c u l a t i o n s  on which Fig. 1 

is based r a t h e r  crude s i m p l i f i c a t i o n s  were made: 

approximation is f r equen t ly  poor and t h e  inf luence  of t he  su r face  on 

Figure 1 c l e a r l y  shows t h a t  

* .  

. .  

(1) t h e  f r e e  e l e c t r o n  gas . .  

. 

'' Ex(k) [ 6 ]  has  been neglec ted ,  and (2) t h e  expression K: = pQ assumes t h a t  

no phase r e l a t i o n s  exist between t h e  waves s c a t t e r e d  by t h e  d i f f e r e n t  atoms; 

i n  a c r y s t a l  such phase r e l a t i o n s  e x i s t  and lead  t o  a dependence of IC' on 

energy and d i r e c t i o n  of the wave: K' -+ IC' = K'(k) - (primary ex t inc t ion ) .  
0 

In t h e  dynamical theory of t h e  d i f f r a c t i o n  of a plane wave by a p lane  

c r y s t a l  s u r f a c e  t h e  i n t e n s i t y  of a d i f f r a c t e d  beam 2s given by 
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t t  Here k,k k ,k are the wave vectors of the incident and diffracted waves 77zo’x 3 

and their tangential components respectively. 

determines the geometry of the diffraction pattern and is given by 

The lattice amplitude G 

where c 

superstructure of the surface [ 7 ] .  

c represent the lateral periodicity of the true or apparent 

The dynamical structure amplitude F 
3 1  N”2 

determines the intensity distribution in the diffraction pattern and is 

given by 

-ik*r F(k,k ) = - e 5 ;; U(:) $(k,k ,r) dr 
;; 50 4n M Z Z O -  N 

0 
Q 

(4) 

The integration extends over the whole dynamical unit cell R 

%&ere c3 
= (e c c ) o ~ 1 ~ 2 x 3  

c ) is determined by the penetration depth of the (elastic) (lgl ’X’2 N 

electron wave.field. 

generally is complex (absorption!) and energy’ dependent (exchange, polariza- 

tion, absorption)--and $ the wave amplitude., 

U is the effective scattering potential--which 
7 .  

If-Qo is divided into atomic ’ .  . . . .  . .  
cells Sl 

the atoms, then F can be written as 

(Wigner-Seitz cells) centered at the equilibrium positions - r of 
A . - *  N 

Expression (4a) is similar to the usual expression for the structure ampli- 

tude, 
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which i s  obtained when +(r) is w r i t t e n  i n  t h e  form of a Bloch wave: 

i k  o r -  

, where X ( r )  has  t h e  la teral  p e r i o d i c i t y  of the $(k,k r) = X(k,k r) e To '* 

surface.  

- 
r v  

2 .-4 ;;OZ N xol, 
The dynamical s c a t t e r i n g  amplitude of t h e  atomic. ce l l  v ,  - .  

-i (k-k ) *r ' 
U ( r  4-r') X(k,k ,r +r') d r '  e j zo .t f,(k,k )= - - 

c z o  4n sv ;; ;;. z o  ;;;v =; ZJ 

d i f f e r s  considerably from t h e  s c a t t e r i n g  amplitude of a f r e e  atom--both i n  

the  Born and p a r t i a l  wave approximation--because JI (or  ' X )  depends upon k,k , 
,z .To 

t h e  environment and p o s i t i o n  of t h e  atom i n  t h e  c r y s t a l .  

i n g f u l  values f o r  f y ,  t h e  i n t e g r a l  equation 

To ob ta in  mean- 
4 

f o r - *  o r  t h e  corresponding Schroedinger equation has t o  be solved, A t  pre- 

sen t  t h i s  cannot b e  done f o r  complex sur faces .  To determine t h e  na tu re  of 

complex su r faces  now w e  must t he re fo re  s impl i fy  t h e  theory of LEED i n t e n s i -  

t ies d r a s t i c a l l y  and/or ob ta in  a d d i t i o n a l  information from o the r  observa- 

t i ons  such as Auger e l e c t r o n  spectroscopy. 121 

The s i m p l i f i c a t i o n s  o f . t h e  theory ,  which have been.made i n  t h e  p a s t  

.were based on t h e  two-dimensional p i c t u r e  of t h e  d i f f r a c t i o n  process. The 

trial-and-error method w a s  used i n  t h e  i n t e n s i t y  a n a l y s i s  of p a t t e r n s  from 

"clean" elemental  semiconductors [&lo],  and t h e  Pa t te rson  func t ion  method 

i n  t h e  i n t e n s i t y  a n a l y s i s  of p a t t e r n s  of GO and 0 adsorp t ion  l a y e r s  on P t  

and h [ll]. 
t r i b u t e  t o  t h e  d i f f r a c t i o n  process have the.same fy. 

a l l  atoms have t h e  same x i n  Eqn. (6). 

add i t iona l  assumption t h a t  x is cons tan t  i n  a l l  atoms con t r ibu t ing  t o  t h e  

In the f i r s t  method i t  is assumed t h a t  a l l  atoms it which con- 

This r equ i r e s  t h a t  

The second method r e q u i r e s  t h e  
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d i f f r a c t i o n  process;  otherwise t h e  Four ie r  transform r e l a t i o n s h i p  between 

s t r u c t u r e  amplitude and e l e c t r o n  dens i ty ,  which i s  the b a s i s  of t h e  Pa t t e r son  

func t ion  method, d o e s m t  e x i s t .  

. r a the r  d r a s t i c  s i m p l i f i c a t i o n s  of t h e  d i f f r a c t i o n  proceLs 'and t h a t  t h e  sur- 

face s t r u c t u r e s  derived with them have t o  be taken with cons iderable  caut ion  

as i l l u s t r a t e d  by t h e  va r ious  s t r u c t u r e s  of elemental  semiconductor su r faces  

It is obvious t h a t  both methods represent  
. .  

deduced wi th  t h e  t r ia l -and-er ror  method IS-lo]. 

I n  t h i s  paper, which is  based on t h e  three-dimensional p i c t u r e  of t h e  

d i f f r a c t i o n  process,  w e  make a s impl f i ca t ion  which is suggested by experi- 

ments on su r faces  producing LEED p a t t e r n s  expected from t h e  bulk p e r i o d i c i t y  

("ideal surfaces").  The i n t e n s i t y  versus  vol tage  curves of many of t hese  

su r faces  show main maxima with average sDacings corresponding t o  t h e  period- 

i c i t y  normal t o  t h e  su r face .  This i n d i c a t e s  t h a t  t h e  con t r ibu t ion ,o f  t h e  

imaginary p a r t  of fy--result ing from U and x i n  Eq. (6)--to t h e  phase term 

i n  Eq. ( 5 )  .does not change i t  so d r a s t i c a l l y  as t o  des t roy  t h e  t h i r d  Laue 

condition completely. Consequently, F and 1FI2 I show some p e r i o d i c i t y  

normal to  t h e  sur face .  

curves--mainly t h e  ex i s t ence  and average spacing of t h e  main maxima--will 

. 

The gross  f e a t u r e s  of t h e  i n t e n s i t y  versus  vo l t age  

. therefore  be  used t o  ob ta in  information on t h e  p e r i o d i c i t y  of 'a s u r f a c e  
' 

s t r u c t u r e  normal t o  t h e  su r face ,  a l s o  i n  t h e  case of complex d i f f r a c t i o n  

pa t t e rns .  Another p i ece  of information can b e  obtained from r e l a t i v e  inten- 

sities. In pseudo-superstructure p a t t e r n s ,  i .e. p a t t e r n s  produced by sur- 

faces  covered wi th  a s u r f a c e  l a y e r  of d i f f e r e n t  lateral  p e r i o d i c i t y  and/or 

azimuthal o r i e n t a t i o n  171, t h e  beams produced by s i n g l e  s c a t t e r i n g  are 

f requent ly  s t ronge r  than t h e  beams due t o  mul t ip l e  s c a t t e r i n g .  

expected t o  happen when t h e  t h i r d  Laue condi t ion  f o r  t h e  s u r f a c e  l a y e r  is 

< 

This is 

6 



approximately f u l f i l l e d .  _Therefore  f r a c t i o n a l  o rde r  beams which are very 

s t r o n g  a t  vol tages  V spaced a t  i n t e r v a l s  AV d i f f e r e n t  from those  of t h e  

i n t e g r a l  o rder  beams are u s u a l l y - s i n g l y  s c a t t e r e d  beams from t h e  su r face  

' l a y e r  and can  g ive  information on t h e  la teral  p e r i o d i c i t y  of t he  su r face  

. *  - .  

l a y e r ,  

normal geometrical  u n i t  ce l l  dimensions of t h e  s u r f a c e  s t r u c t u r e ,  bu t  no t  

Thus LEED can provide a t  present  information on t h e  lateral  and 

on the number, na tu re ,  and d i s t r i b u t i o n  of t h e  atoms i n  t h e  u n i t  cell.  

In  the  

t u r e  had t o  

6 t r u c  t u r e  . 

p a s t ,  t h e  na tu re  of t h e  atoms present  i n  a given s u r f a c e  s t ruc -  

be  deduced from t h e  experimental condi t ions  which l e d  t o  t h i s  

Auger e l e c t r o n  spectroscopy, o r i g i n a l l y  proposed by Lander 1121 

and per fec ted  by Harris [13], 

mination of t h e  na tu re  of t h e  

e l e c t r o n  s i g n a l  is  c a l i b r a t e d  

Bowever, i t  has t o  be kept  i n  

when combined 

atoms present  

t h e  number of 

mind t h a t  . t h e  

wi th  LEED [2]  permits de te r -  

on t h e  sur face .  

atoms can be  determined too [2]. 

amplitude and width of many 

When t h e  Auger 

Auger t r a n s i t i o n s  depend s t rong ly  upon t h e  environment of t h e  atom. There- . 

f o r e  t h e  number of atoms of a given kind per u n i t  ce l l  of a suspected s t ruc -  

t u r e  can i n  genera l  be  detennined o n l y ' a f t e r  c a l i b r a t i o n  of t h e  Auger s i g n a l  

on a c r y s t a l  which is known. to  have t h i s  s t r u c t u r e .  We. w i l l  now i l l u s t r a t e .  

~ -- 

. t h e s e  genera l  cons idera t ions  us ing  two of t h e  b e s t  known examples of complex 

pa t t e rns .  

111. THE "CLEAN" S i ( l l 1 )  SURFACE 

Farnsworth e t  al. (141 discovered t en  yea r s  ago two complex d i f f r a c t i o n  

p a t t e r n s  on t h e  S i ( l l 1 )  su r f ace ,  t h e  S i ( l l l ) -7x7  ( i n  s h o r t , .  7) and t h e  

S i ( l l 1 )  - fi x R(23.5) ( i n  s h o r t ,  fi) p a t t e r n s  shown i n  Fig. 2. These 

two p a t t e r n s  have s i n c e  been reproduced i n  many l a b o r a t o r i e s  under a wide 
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wariety of condi t ions  and- the re fo re  have been gene ra l ly  a t t rdbu ted  t o  clean 

s u r f a c e s ,  

Be due to double s c a t t e r i n g  between t h e  S i  s u b s t r a t e  and a su r face  r eac t ion  

- l a y e r  w i t h  d i f f e r e n t  p e r i o d i c i t y  and/or o r i e n t a t i o n  [15]. 

proposed E161 t h a t  t h e  

On t h e  o t h e r  hand,. it has  been suggested t h a t  t h e  p a t t e r n s  may 

. .  . .  
Recently i t  was  

p a t t e r n  is due t o  a recons t ruc ted  su r face  l a y e r  

[8-101 s t a b i l i z e d  by an  extremely s m a l l  amount of N i  on t h e  otherwise c lean  

S i  su r face .  

dN (E) The e l e c t r o n  energy spectrum--or more p r e c i s e l y  i t s  d e r i v a t i v e  - -- dE 
from a'"c1ean" Si(1-11) su r face ,  when measured a t  low r e s o l u t i o n  and s e n s i t i -  

M t y  (Fig. 3a) does not show any p a r t i c u l a r  f e a t u r e s  c h a r a c t e r i s t i c  of 

i m p u r i t i e s ;  however a t  high r e s o l u t i o n  and s e n s i t i v i t y  two peaks can be 

found i n  t h e  40 t o  60 e V  range; one a t  45 e V ,  one a t  57 e V  (Fig. 3b). I n  

our appara tus  these  are t h e  pos i t i ons  of t h e  main peaks of Fe and N i  respec- 

t i v e l y  

c r y s t a l  i s  ' t rea ted  so as t o  produce a 7 p a t t e r n ,  t h e  Fe peak grows with 

(as determined by depos i t ing  Fe .and Ni onto t h e  su r face ) .  If t h e  

-_ 

i n c r e a s i n g  i n t e n s i t y  of t h e  7 p a t t e r n  and the  N i  peak becomes weaker b u t  

never d isappears  completely .. When' t h e  ' c r y s t a l  is t r e a t e d  t o  *develop t h e  

@f p a t t e r n ,  t h e  Fe peak d isappears  almost completely and t h e  N i  peak grows. 

-cons iderably .  This  is i l l u s t r a t e d  i n  Fig. 4 which shows t h e  he igh t  of t h e  

N3 Auger s i g n a l  and of t h e  i n t e n s i t y  of one of t h e  f r a c t i o n a l  order  s p o t s  

(0' i n  Fig. 6 )  as a funct ion  of quenching (annealing) temperature. The 

curves do n o t  represent  equilibrium conditions because t h e  hea t ing  period 

was only  30 sec which is i n s u f f i c i e n t  t o  e s t a b l i s h  equi l ibr ium over t h e  

r i s i n g  p a r t  of t h e  curve. 

sity, however, is clear. 

The r e l a t i o n  between Auger s i g n a l  and s p o t  inten- 

I f  t h e  c r y s t a l  is heated to  1000°C, where it 
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produces a 1x1 p a t t e r n ,  both Fe and N i  peaks have nea r ly  disappeared. 

Thus, the 7 p a t t e r n  is  d e f i n i t e l y  connected wi th  the  presence of Fe, t h e  

p a t t e r n  wi th  t h e  presence. of N i  i n  t h e  s u r f a c e  l aye r .  I n  what way are 

now Fe and X i  connected with these  twp s t r u c t u r e s ?  

the following p o s s i b i l i t i e s  : 

IJe h'ave t o  consider . 

(1) The Fe and N i  atoms simply si t  on top  of t h e  unreconstructed S i  

sarface forming a two-dimensional t r u e  or 

(2 )  They 

s u p e r s t r u c t u r e  

(3) They 

of both S i  and 

s true t u r e  . 

r ep resen t  a t r a c e  impurity 

made up of S i  atoms [16]. 

are an e s s e n t i a l  component 
- *  . 

apparent . supers t ruc ture .  

s t a b i l i z i n g  a t r u e  o r  apparent 

of a s u r f a c e . l a y e r  which c o n s i s t s  . .  
Fe o r  N i  r e spec t ive ly  and form a t r u e  o r  apparent super- 

We w i l l  examine now these  p o s s i b i l i t i e s  by analyzing t h e  geometry and 

the gross f e a t u r e s  of  t h e  i n t e n s i t i e s  of t h e  d i f f r a c t i o n  p a t t e r n s .  

The 7 p a t t e r n  is  charac te r ized  by the  high i n t e n s i t y  of those f rac-  

t i s n a l  orde r  s p o t s  which have t h e  ind ices  -140,, 144$ with  respec t  t o  t h e  

various i n t e g r a l  o rde r  s p o t s  c h a r a c t e r i s t i c  of t h e  .unreconstructed sur face .  

This suggests t h a t  d e  p a t t e r n  is no? due t o  a r e a l ' s u p e r s t k c t u r e  but  is 

due to an apparent one produced by mul t ip le  s c a t t e r i n g  between t h e  S i  sub; 

s t r a t e - a n d  a s u r f a c e  l a y e r  wi th  - the  la teral  p e r i o d i c i t y  of the  S i ( l l 1 )  

surface. The I ( V )  curves of t he  140; spots--which are t h e  {lo] s p o t s  of 

the surface layer--show a t  normal incidence i n t e n s i t y  maxima a t  t h e  follow- 

ing bean energ ies :  Assuming zero 

inner p o t e n t i a l  t hese  energ ies  correspond t o  - v a l u e s  of .513, ,611, .726, 

,805, -917, 1;003, 1.128, and 1.217 iT1. 

. r  1 

a 

7 
4 

I" 7 

39.5, 56, 79, 97, i26 ,  151, 191, 222 eV.  

1 
A 

1 
A I f  t hese  naxima of the  I(-) curve 
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are considered t o  be  t h e  main maxima of a s t r u c t u r e  pe r iod ic  normal t o  t h e  

s u r f a c e  w i t h  a3, then a3 can be  obtained from 
1,- 
- -  a t  is t h e  lateral  

. .  1 
1 1 It 1 -=a*=- 

~3 3 .  xn+1+/ A - i + 1  . .  n n .  
1 With t h e  - A 

r e c i p r o c a l  p e r i o d i c i t y :  a t  = - a?: = - e - =  .172 L-l. 4 
7 1 Si 7 3aSi 

v a l u e s  g iven  above we ob ta in  a mean va lue  of %* = ,204 1-1 wi th  a roo t  

mean squa re  dev ia t ion  of .012 8-l and from these  va lues  a3 = 4.9 -f .3 

which is d e f i n i t e l y  incompatible with t h e  p e r i o d i c i t y  of S i  normal t o  t h e  

sur face , .  .The d i f f r a c t i o n  p a t t e r n  always shows p e r f e c t  s i x f o l d  symmetry, 

even in t h e  rounded regions of t h e  c r y s t a l  su r f ace ;  

q u i t e  r e l i a b l e  i n d i c a t i o n  t h a t  t h e  s i x f o l d  symmetry is not due t o  t h r e e  

(two) equiva len t  s t r u c t u r e s  wi th  twofold ( threefo ld)  symmetry. The d i f  f rac-  

tion p a t t e r n  has  the re fo re  t o  b e  due t o  a hexagonal s t r u c t u r e  with t h e  b a s a l  

This is usua l ly  a 

p l a n e  p a r a l l e l  t o  t h e  S i ( l l 1 )  su r f ace  orqdue t o  a cubic  s t r u c t u r e  p a r a l l e l  

to t h e  S i  s u b s t r a t e .  In such a cubic s t r u c t u r e  t h e  three-dimensional recip- 

1 rocal la t t ice  vec to r s  corresponding t o  a* and af  are ( I iO)  and [ill], (1i0, 
-_ 

zi1 w 

and [222] or 

This corresponds t o  3 r a t i o s  of 1.225, 2.45, and .95 respec t ive ly .  

only the first r a t i o  which g ives  an a-value of a = 8 .3 '1  i s  compatible wi th  

(22z) and 11111 r e spec t ive ly  f o r  t h e  ,various poss ib l e  la t t ices .  

a3 Clearly. 
1 

- a$ 0204 ' = 1.185 k ,070 deduced from experiment. For a .172 the ra t io  - = a 9s 
1 '  

hexagonal s u r f a c e  we ob ta in  a = - = 6.72 1. W e  now have two poss ib l e  u n i t  
#a: 

cell dimensions f o r  our s u r f a c e  s t r u c t u r e  which according t o  t h e  Auger Spec- 

t r u m  must con ta in  both  Fe and Si: a p r imi t ive  cubic  ce l l  wi th  a = 8.3 A and 

a hexagonal cell  wi th  a = 6.72 

0 

and c = 4.9 f .3 1. The choice between 
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them is  based on t h e  assumption t h a t  t h e  su f face  l a y e r  is  t h i c k  enough 

that i t  may b e  considered as a bulk phase. 

cubic  phase wi th  a = 8 . 3  A, bu t  dpes have a hexagonal phase, the  Fe5Sig(n) 

.phase; w i th  u n i t  cel l  dimensions which agree  very w e l l  & th  our values:  

a We conclude the re fo re  

The system Fe-Si cqnta ins  no 
0 

. .  

6.727, e = 4.705 o r  6.742, c = 4.708 1 [17]. 

that a S i ( l l 1 )  s u r f a c e  which produces a 7 p a t t e r n  is not  c l ean  b u t  covered 

wi th  a s u r f a c e  l a y e r  with the  u n i t  c e l l  dimensions of Fe5Si3 ( i n  s h o r t  

"Fe5Si3-structure"). The way t h e  7 p a t t e r n  is formed by t h i s  su r f ace  l a y e r  

- 2 s  i n d i c a t e d  i n  Fig. 5. The thickness of t h i s  l a y e r  and t h e  amount of Fe 

in it  cannot be  determined a t  present .  

i n t e n s i t y  r a t i o  of a w e l l  developed 7 p a t t e r n  sugges ts  t h a t  Fe vacancies o r  

However, t h e  high spot-to-background 

other i m p u r i t i e s  when present  are pe r iod ica l ly  d i s t r i b u t e d .  

t h a t  f u t u r e  Auger work w i l l  al low t h e  determination of l a y e r  thickness and 

Fe . conten t .  

It is hoped 

The s t r u c t u r e  is more d i f f i c u l t  . to  analyze. None of t h e  " f rac t iona l"  - 

--. 
o r d e r  beams is d is t inguished  by a high i n t e n s i t y  a t  w e l l  def ined ,  approxi- 

1 mately equa l ly  spaced - v a l u e s .  a . .  
can b e  derived from t h e  d i f f r a c t i o n  pa t t e rn .  

tense f r a c t i o n a l  o rde r  beams is  r e l a t e d  t o  t h e  i n t e n s i t y  of t h e  i n t e g r a l  

order beams, 

due to double s c a t t e r i n g  between t h e  unreconstructed S i  s u b s t r a t e  and a 

surface l a y e r  with d i f f e r e n t  p e r i o d i c i t y  and azimuthal o r i e n t a t i o n .  

d i f f r a c t i o n  p a t t e r n  (Fig. 2, 6a) c o n s i s t s  of two hexagonal p a t t e r n s  (Fig. 6b) 

which are r o t a t e d  f 23.5' aga ins t  the  bas i c  S i  pa t t e rn .  

Thus no p e r i o d i c i t y  norpal t o  t h e  s u r f a c e .  

The i n t e n s i t y  of s e v e r a l  in- 

This  is a s t r o n g  ind ica t ion  that t h e  d i f f r a c t i o n  p a t t e r n  is 

The 

Any p a i r  of vec to r s  

a*,a* except  those  of t h e  S i  1x1  p a t t e r n  can genera te  ;jl ;;32 

n a t i o n  wi th  t h e  vec to r s  of t h e  b a s i c  S i  p a t t e r n .  The 

t h i s  network by combi- 

observation t h a t  t h e  
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relative spo t  i n t e n s i t i e s - i n  t h e  rounded regions of t h e  s u r f a c e  are t h e  

same as t hose  i n  t h e  f l a t  regions suggests t r u e  hexagonal symmetry of t h e  

two-dimensional r e c i p r o c a l  n e t  o f  t h e  su r face  l a y e r ,  thus la*l = la*l = 

and <(at,a*) = 60'. 

lead to t h e  choice of a* vec to r s  ghk leading  to  one of t he  s i x  po in t s  (hk) 

shown i n  Fig. 6b. I n  a previous s h o r t  communicatio [ l 8 ] , , w e  suggested 

that at = h ( Ih 1 = I = I ~f sil). This suggestion bras based on t h e  

hypothes is  t h a t  t h e  su r face  l a y e r  has t o  have a s t r u c t u r e  known t o  occur 

i n .  t h e  system Ni-Si , a condi t ion  which i s  f u l f i l l e d  only when 1 a? 1 = 

= 15; s i l .  
t hen  compatible wi th  the  geometry of t h e  d i f f r a c t i o n  p a t t e r n s .  

temperature (e) modif ica t ion  of Ni2Si is  hexagonal w i th  a = 3.805 

c = 4,890 A [19]; when i t s  (001) plane i s  p a r a l l e l  t o  t h e  s u b s t r a t e ,  then 

z 2  . .  
The gene ra l  a spec t s  of t h e  i n t e n s i t y  d i s t r i b u t i o n  s ;52. 

z 

f 
~ 2 3  $ 3  rJ 

- - 
. 

Two s t r u c t u r e s ,  8-Ni2Si  and NISI,, when s l i g h t l y  d i s t o r t e d ,  are 
h 

- 
rJ 

* 
The high 

and 
0 

- ,3035 ii-' which d i f f e r s  1% .from la.? si /_.;I = - - 2 

N 43a i ;  si 
1 

N i s i  

on the Si(111) su r face  IaTI = .3027 

A d i s t i n c t i o n  between these ' two s t r u c t u r e s  is poss ib l e  on t h e  b a s i s  of t h e  

is cubic  with a. = 5.395 i(. [20] ; when p r e s e n t - i n  p a r a l l e l  o r i e n t a t i o n  
2 

which d i f f e r s  only .7% from la* 1 .  ,;I s i  . .  . . . .  3 . .  

following observations made on S i ( l l 1 )  su r f aces  producing's 1x1 pa t t e rn :  . .  
(1) The 1x1 p a t t e r n  can be obtained i n  va r ious  ways', e.g.: (a) by 

m 

d e p o s i t i o n  of Ni t o  a th ickness  of several t o  many atomic l a y e r s  followed 

by a short anneal of t h e  c r y s t a l  a t  700°C or lower ( sur face  A ) ,  and (b) by 

annealing of a "clean" c r y s t a l  f o r  several minutes a t  7OOOC a f t e r  i t  had 

been heated  s u f f i c i e n t l y  long a t  1200 t o  13OOOC t o  desorb most of t h e  Fe 

from crystal and l eads  ( su r face  B ) .  

(2) The s u r f a c e  A is  charac te r ized  by a s t r o n g  N i  Auger peak (Fig. 7d), 

the Ni Auger peak of t h e  s u r f a c e  B is  bare ly  de t ec t ab le .  
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(3) The Ioo(V) curves of both sur faced  gene ra l ly  have maxima a t  

1 1 n e a r l y  t h e  same vol tages  (or  - v a l u e s ) .  The - i n t e r v a l s  between the  main .A x 
maxima agree  i n  both cases q u a l i t a t i v e l y  with t h e  p e r i o d i c i t y  of Si(NiSi ) 

normal t o  t h e  s u r f a c e ,  

relative he igh t  of t h e  maxima. 

surface A a t  177 e V  is very s t rong ,  whi le  t h e  corresponding peak a t  181 eV 

of s u r f a c e  B is  very weak. 

. 2  . .  
However the re  are s i g n i f i c a n t  'd i f fe rences  i d  t h e  

I n  p a r t i c u l a r ,  t h e  peak which occurs on 

(4) The spot-to-background i n t e n s i t y  r a t i o  of su r face  A is lower than 

that of s u r f a c e  B,  t h e  Rikuchi p a t t e r n  of s u r f a c e  A i.s sharper  than t h a t . o f  

surface B. 

From (2) w e  conclude t h a t  t h e  su r face  A has a high N i  conten t ,  from (3) 

that its p e r i o d i c i t y  normal t o  the  su r face  is  e s s e n t i a l l y  t h e  same as t h a t  

Of S i  i n  s p i t e  of t h e  high N i  conten t ,  and from ( 4 )  t h a t  t h e  N i  atoms are 

d i s t r i b u t e d  no t  a t  random but  i n  a w e l l  ordered manner. 

face l a y e r  of .NiSi  

-sions.  

o rPen ta t ions  on the  S i ( l l 1 )  su r f ace ,  e.g. depending upon-cooling conditions 

or impurity e f f e c t s ,  we are l e f t  with 0-Ni2Si as t h e  cause of t he  

An e p i t a x i a l  sur- 

is  t h e  s imples t  explanation compatible with t h e  conclu- 
--_ 2 

Unless w e  inv'oke t h e  assumption t h a t  Nisi2 can grow i n  two d i f f e r e n t  

. .  
p a t t e r n .  . .  

It must be  k e p t . i n  mind, however, t h a t  0-Ni2Si  and Nisi2 were s e l e c t e d  

as p o s s i b l e  causes of t h e  p a t t e r n  on t h e  assumption t h a t  t he  su r face  

layer has t o  have a s t r u c t u r e  found i n  bulk. If w e  drop t h i s  assumption 

the o t h e r  p o i n t s  (hk) shown i n  Fig. 6b have t o  be considered too. TJe can 

reduce t h e  number of poss ib l e  2T vec to r s  by e x t r a c t i n g  more information from 

the LEED p a t t e r n .  This can be  done when t h e  s t rong ly  s impl i fy ing  assumption 

is made, t h a t  t h e  mul t ip l e  s c a t t e r i n g  process may be  separa ted  i n t o  subse- 

hi 

quent  s c a t t e r i n g  acts i n  s u r f a c e  l a y e r  and s u b s t r a t e .  Then t h e  observed 
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I 

i n t e n s i t y  of a doubly s c a t t e r e d  beam should be propor t iona l  t o  t h e  in ten-  

s i t y  of t h e  s u b s t r a t e  beam which produces t h e  doubly s c a t t e r e d  beam on i t s  

way o u t  through t h e  s u r f a c e  l aye r .  

b a t t e r n  is  t h a t  t h e  i n t e n s i t i e s  of t h e  s p o t s  rnarked.A*(B') i n  Fig. ;a in- 

crease and decrease with t h a t  of the b a s i c  S i  s p o t s  marked A(B). 

One c h a r a c t e r i s t i c  f e a t u r e  of t h e  
. .  

According 

t o  t h e  s impl i f i ed  p i c t u r e  of t h e  double s c a t t e r i n g  process t h i s  can happen 

only if E$ = h22, hlil o r  h33, which can be  seen by superimposing t h e  corres-. 
ry .51 Y .w 

ponding hexagonal networks--such as t h e  one'shown i n  Fig..6c--with t h a t  of 

the unreconstructed S i  su r f ace ,  using po in t s  A and B .as o r i g i n s .  Another . 

characteristic f e a t u r e  of the  

F i g .  6a are very s t r o n g  over wide vol tage  ranges,  whi le  t h e  s p o t s  O " ,  0"' 

never are very s t rong .  For t h e  chosen a*'s (h h and h ) t hese  0 s p o t s  

(O', 0")  and 0'" r e spec t ive ly )  are produced by t h e  inc iden t  beam and by the  

00 beam on i t s  way ou t  through t h e  sur fqce  l a y e r  and are the re fo re  expected 

p a t t e r n  is  t h a t  t h e  spo marked. 0 ' . in 

;yl ~ 2 2 '  ;c41 z 3 3  

c_ 

1 2  to b e  s t rong , . l ead ing  t o  the choice of a t  = g22, = /E 1;: s i l  '=  -239 A-1 a 

.G , Y 

Nothing can be deduced about 1231 because of t h e  l ack  of r e g u l a r i t y  i n  t h e  ,. 

I (V)  curves due 

Thus w e  can say  

- 5.92 a a=-- 
lap 4- I 

0 

= 4.83 A. None 

t o  . .  t h e  s t rong  dynamical coupling' between. t h e  .various beams. 

only t h a t  t h e  su r face  l a y e r  has  e i t h e r  a - .  cubic s t r u c t u r e  with 
1 

0 . 2  
6.83 1 or  a hexagonal s t r u c t u r e  wi th  a = -- ?m 

Igp I 
A Or's = -= 

of those  s t r u c t u r e s  is  known t o  e x i s t  i n  t h e  system Ni-Si. We 

can t h e r e f o r e  only specu la t e  about i t s  na ture :  i t  could be an  expanded s u r f a c e  

l a y e r  of N i 3 S i  which does no t  have t h e  s t r u c t u r e  found i n  t h e  bulk ,  bu t  Fe3Si 

s t r u c t u r e  fa  = 5.64  A); o r  more l i k e l y  i t  could con ta in  bes ides  N i  o the r  

i m p u r i t i e s  which determine t h e  s t r u c t u r e .  

means be excluded a t  p re sen t ,  even i n  t h e  case  of t h e  7 p a t t e r n ,  f o r  t h e  

Fe3Si  

This  second p o s s i b i l i t y  can by no 

/ 
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following reason: most of t h e  Auger e l e c t r o n  s p e c t r a  were obtained with 

primary energ ies  up t o  600 e V ,  

e f f i c i e n t l y  t h e  energy of t h e  inc iden t  e l e c t r o n s  must be about t h ree  t i m e s  

the energy of t h e  lover x-ray level.  involved i n  t h e  t r a n s i t i o n ,  Consequent- 

-ly, one can d e t e c t  e f f i c i e n t l y  only those atoms’which have major Auger tran- 

I n  order t o  e x c i t e  an Auger t r a n s i t i o n  

sitions below 200 t o  300 eV. For example t h e  Auger t r a n s i t i o n s  of T a  i n  

this energy reg ion  a r e  much weaker than t h e  45 and 57 e V  peaks of Fe and N i  

r e s p e c t i v e l y .  

of Bi ,  Ta could not  be de tec ted  a t  present .  

Ta2Ni3Si- is t h e r e f o r e  not  incompatible with t h e  Auger e l e c t r o n  spectrum. 

I f  p r e s e n t  i n  t h e  su r face  l a y e r  i n  a s ta te  similar t o  t h a t  

A su r face  l a y e r  of compositi,on 

This composition--like s imilar  ones involving Nb, Mo o r  W i n  p lace  of Ta-- 

is hexagonal wi th  a s 4.8 

deduced from t h e  LEED p a t t e r n .  p a t t e r n  forms 

much faster nea r  t h e  Ta l e a d s  than i n  the  c e n t e r  of t h e  c r y s t a l  is also i n  

f avor  of such an in t e rp r ’e t a t ion .  

121,221 which agrees  w e l l  with t h e  va lue  a = 4.83 

The observation t h a t  t h e  
. .  

. I. 

The r e s u i t s  derived above, i.e. (1) a Fekcontaining s u r f a c e  l a y e r  wi th  

Fe S i  s t r u c t u r e  as cause of t h e  7-pattern,  and (2) a Ni-containing s u r f a c e  

layer with  e-Ni2Si o r  Ta2NijSi s t r u c t u r e  o r  wi th  an unknown s t r u c t u r e  as cause 

of the a p a t t e r n ,  l ead  immediately t o  a number of questions:  

’ .  * . . .  5 3  

. .  

(1) Why do t h e  su r face  l a y e r s  have t h e  observed s t r u c t u r e s  and not 

other s t r u c t u r e s ,  e . g . ,  why does N i  no t  form the NisiZ (1x1) s t r u c t u r e  with 

its low mismatch? 

(2) Where is t h e  Fe and N i  corning from? 

(3) Why does t h e  Fe-containing l a y e r  form a t  t h e  low temperature, t h e  

Hi-containing l a y e r  a t  t h e  h igher  temperatures? 
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We have a t  p resen t  no answer t o  ques t ion  (1) except t h e  suggestion t h a t  

the observed s t r u c t u r e s  may have e l e c t r o n  conf igura t ions  leading t o  a lower 

s u r f a c e  energy. I n  the  case of t he  Ni,Si l a y e r  model, t h e  tendency t o  form 

Ni S i  might be a t t r i b u t e d  t o  t h e  f a c t  t h a t  NipSi has t h e  h ighes t  hea t  of 
- 2  

formation i n  t h e  system Ni-Si [23]. 

(a] the i n t e r i o r  of t h e  c r y s t a l ,  (b) t he  c r y s t a l  mounting, (c) t h e  su r face  

The source  f o r  t h e  Fe and Nimay be  

p repa ra t ion  process,  (a) t h e  handling of the  c r y s t a l ,  and (e) t h e  vacuum 

system i t s e l f .  \?e can exclude (a) as a genera l  source because of t h e  wide 

v a r i e t y  of high p u r i t y  c r y s t a l s  which have been ' inves t iga ted .  

mounting, u sua l ly  made of r e f r a c t o r y  metals l i k e  T a  o r  Mo, may conta in  a 

The c r y s t a l  
. .  - .  

cons iderable  amount of N i  and Fey  e.g., Fans tee l  me ta l lu rg ica l  grade Ta  

s h e e t  conta ins  up t o  .02% Fe, and is the re fo re  a l i k e l y  source i n  many 

cases. The ac ids  used i n  su r face  prepara t ion  conta in  up t o  Fe which 

can l ead  t o  2,4*101' adsorbed Fe atoms on t h e  su r face  [24],  enough t o  form 

. a Fe S i  l a y e r  one u n i t  c e l l  t h i ck .  Var ia t ions  i n  su r face  prepara t ion  pro- 

cedures make t h i s  a l s o  an un l ike ly  genera l  source.. In t roduct ion  of N i  i n t o  

.the c r y s t a l  by impraper-:handling w i t h  metal tiqeezers. has a l ready  been 

5 3  --_ 

poin ted  out  [16]. The vacuum system, usua l ly  made o f . s t a i n l e s s  steel ,  or. 

at least conta in ing  Fe and N i  p a r t s  (e.g., Kovar), can-be  a continuous 

source  of Fe and N i  via t h e  following pFocess: CO, which i s  one of the  main 

r e s i d u a l  gas  components, i n t e r a c t s  with Fe(Ni) su r f aces  t o  form a Fe(Ni) 

carbonyl  l a y e r .  The adsorbed carbonyl molecules can be desarbed e i t h e r  

thermally o r  by c o l l i s i o n s  of atoms, i ons  o r  e l e c t r o n s  with the  sur face .  

When they  h i t  t h e  s u r f a c e  of t h e  Si c r y s t a l  o r  of the  c r y s t a l  mounting they 

can d i s s o c i a t e  depending upon su r face  condition. and temperature leaving 

16 



Fe(Ni) on the  sur face .  

many of our experiments; without i t  the  regeneration of t h e  Fe S i  

( w i t h  t h e  accompanying Fe Auger Peak) a f t e r  excess ive  hea t ing  t o  desorb a l l  

W e  be l i eve  t h i s  process t o  be  the  major source i n  

s t r u c t u r e  
5 3  

. .  
$e would be  d i f f i c u l t  t o  understand. 

The occurrence of t he  Fe(Ni)-containing l a y e r  a t  the  lo&x (higher) 

temperature can be a t t r i b u t e d  t o  the  r e l a t i v e  s o l i d  s o l u b i l i t i e s  of Fe and 

H i ,  

'3.*1016 atoms/cm3, r e spec t ive ly ;  a t  1300°C 5*1016 and 8-10 

The s o l i d  s o l u b i l i t i e s  of Fe and N i  i n  S i  a t  900°C are 6*101* and 

atoms/cm3, 17 

r e s p e c t i v e l y  (25,261. Consequently, when Fe and N i  are supplied simulta-. 

neously to  t h e  c r y s t a l ,  e i t h e r  by d i f f u s i o n  from the  c r y s t a l  mounting o r  by 

carbonyl dccoDposition, most of t h e  Fe has t o  s t a y  a t  the  su r face  i n  the  

form of Fe o r  an  Fe - s i l i c ide  whi le  a considerable amount of N i  can go i n t o  

s o l i d  s o l u t i o n .  . In  p a r t i c u l a r ,  a t  t h e  low annealing temperatures used t o  

produce t h e  7-pattern e s s e n t i a l l y  a l l ' F e  remains a t  t h e  su r face ,  thus 

forming t h e  7 p a t t e r n .  

Fe atoms/crn2.) 

15 (A Fe5Si3 l a y e r  1 u n i t  c e l l  t h i c k  conta ins  2..5*10 

I n  order  t o  produce. t h e  p a t t e r n  t h e  Fe has  t o  be de- 
. .  

sorbed or disso lved  i n  t h e  bulk of the  c r y s t a l  or  i n  t h e  c r y s t a l  mounting 

and rep laced  by a s u f f i c i e n t  amount of N i .  

. . . .  . .  
This r equ i r e s  f i r s t  t h a t  t h e  

crystal is heated high enough, e.&.,  t o  lOOO"C,  

of Fe is 5*10-~ t o r r  so t h a t  desorption becomes 

d i f f u s e  i n t o  t h e  c r y s t a l  mounting. S i g n i f i c a n t  

. .  
where the  vapor pressure  

poss ib l e ,  o r  t h a t  Fe can 

d i s s o l u t i o n  i n  t h e  bulk  of 

the Si c r y s t a l  is only poss ib l e  at h igher  temperatures; for example, d i s -  

s o l u t i o n  of t h e  Fe contained i n  a Fe S i  5 3  

occur only a t  temperatures above 1180°C. 

p r e c i p i t a t i o n  cen te r s  a t  which Fe can p r e c i p i t a t e  ou t ,  t he  c r y s t a l  i t s e l f  

l a y e r  one u n i t  c e l l  t h i c k  can 

However, i f  t he  c r y s t a l  conta ins  

can also act as a s i n k  f o r  Fe. The second p r e r e q u i s i t e  fo r  the  production 



of t h e  p a t t e r n  is proper pretreatment of t h e  c r y s t a l  (and/or c r y s t a l  

mount) such t h a t  i t  conta ins  a s u f f i c i e n t  amount of dissolved o r  precip- 

i t a t e d  M i ,  which can d i s so lve  a t  .the annealing temperature, e.g. a t  1000°C 

where t h e  s a t u r a t i o n  concentration is' 1.5*1017 Ni atoms/cm3 [,26]. Upon 

r a p i d  cool ing  some of t h e  Ni can then p r e c i p i t a t e  ou t  a t  the  su r face  t o  

form t h e  s t r u c t u r e .  These cons idera t ions  show t h a t  t h e  formati.on of 

the observed su r face  l a y e r s  depends upon many parameters. This is probably 

to a l a r g e  ex ten t  respons ib le  f o r  t h e  d i f f e rences  between t h e  required 

annealing condi t ions  as found i n  var ious  l a b o r a t o r i e s  [8;13,16,27] 

SUMMARY 

.. 
In t h i s  paper w e  have proposed a view of t h e  d i f f r a c t i o n  process which 

is d iame t r i ca l ly  oppos i te  t o  t h a t  which has  been t h e  b a s i s  of t he  methods 

used i n  the  p a s t  t o  i n t e r p r e t  complex LEED p a t t e r n .  Then absorption w a s  

assumed t o  b e  so s t r o n g  t h a t  an e s s e n t i a l l y  two-dimensional s t r u c t u r e  anal- 

gsis could be made. 

elastic wave f i e l d  cqn pene t r a t e  cqng ide rab ly . in to  the c r y s t a l  and a three- * 

- 

-_ 
Here absorption is  considered t o  b e  so weak t h a t  t h e  

. *  . .  

dimensional approach appears more appropr ia te .  

to the-problem of the  annealed S i ( l l 1 )  plane ,  n o t ,  so much t o  come up with 

We haye applied t h i s  approach . .  . .  

unequivocal s t r u c t u r e s ;  r a t h e r ,  we wanted t o  i l l u s t r a t e  t h e  procedures which 

can b e  followed t o  a r r i v e  a t  s u r f a c e  models which have t o  b e  considered i n  

a d e t a i l e d  dynamical s t r u c t u r e  a n a l y s i s  with numerical methods. More 

d e t a i l e d  s t u d i e s  should allow reduct ion  of t h e  number of l i k e l y  su r face  

models s t i l l  more. 

func t ion  of primary energy a t  f ixed  angle of incidence and vice versa  which 

For example, Auger e l e c t r o n  spectroscopy s t u d i e s  as a 

are i n  progress are expected t o  g ive  information on t h e  d i s t r i b u t i o n  of Fe 

18 



-,. - _- . _  - -_ -.Tfi2- .-_- 
and Ni normal to the surface, Increased sensitivity should allow detec--= 

. *  -- 
tion of atoms with weaker Auger peaks, e.g, of Ta. A better understanding 

of the Auger transition probabilities as a function of environment should 

.allotJ' one to obtain information on. the area concentrati6n.of impurities 

and their environment. 

the various LEED patterns on crystals with controlled impurity and imperfec- 

tion content a l s o  promises to be a useful tool. In conclusion, much experi- 

Quantitative studies of the formation kinetics of 

mental work needs to be done before a mathematical structure analysis should 

be attempted. 
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FIGURE CAPTIONS 

Fig. 1. Attenuation of slow electrons i n  idealized solids. K' is the 
0 

scattering coefficient of a 'hypothetical random distribution 

of atoms with bulk density and Thomas-Fermi-Dirac potentials . 
"trimmed" to the nearest nezghbor distance in the crystal. 

is the absorption coefficient of a free electron gas. 

K 

- 
A is the 

- 
mean free path. K' and K are in atomic units, A i n  1. 

0 

Fig. 2. LEED patterns from annealed Si(fl1) planes; (a).7x7 pattern 

(80 eV), (b) x R123.5') pattern' (55 eV); 

Fig. 3.  Derivative - dN(E) of the total energy distribution of electrons 

from a Si(ll1) surface bombarded with slow electrons; (a) total 
dE 

spectrum at low resolution (300 eV primary electrons), numbers 

on left denote detector sensitivity, numbers on right energy 

l o s s  values, (b) section of spectrum at high resolution (600 eV 

primary electrons). 
1-. 

. .  
Fig. 4. Amplitude of Auger signal at 56 eV ( f u l l  circles) and of fractional 

order spot intensity (open circles) in @f as a function of 

quenching temperature for 30 see annealing periods. 

a .  ' a. . .  . . * .  

- .  * .  . . 

' Fig. 5 .  Explanation of 7 pattern i n  terms of multiple scattering between 

a surface layer with Fe5Si3 unit.cel1 dimensions and the unrecon- 

structed Si substrate; (a) basic Si pattern, (b) Fe Si pattern, 

( c )  multiple scattering pattdrn from superimposed Fe5Si3 and Si. 
5 3  
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FIGURE CAPTIONS (CONT'D) 

Fig. 6. Analysis of pa t t e rn .  The observed p a t t e r n  (a) cons i s t s  of 

two equivalent  p a t t e r n s  (b),  which are produce4 by mul t ip l e  

s c a t t e r i n g  between the  s u b s t r a t e  and a su r face  l aye r  of d i f f e r e n t  

o r i e n t a t i o n  and/or p e r i o d i c i t y ?  e , g .  l i k e  t h a t  producing p a t t e r n  

(c) 

Fig. 7. P a r t i a l  energy spectrum of S i ( l l 1 )  su r f aces ;  (a) a t  1000°C 

(1x1 p a t t e r n ) ,  (b) a f t e r  quenching t o  room temperature (v% 

. pa t t e rn )  ' ( c )  a f t e r  depos i t ion  of Ni (LEED only background), 

(d) a f t e r  s h o r t  anneal a t  70OoC (1x1 pa t t e rn ) .  
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